Abstract. The influence of the pulse shape and/or chirp on multipeak structures that appear in both photoelectron spectra in laser-induced autoionisation and in near-resonant Ramanscattering photon spectra is investigated. The analytic results are presented for both types of spectra for a wide variety of smooth strong pulses. Possible experimental verification of the multipeak structures in the spectra is also discussed.
Introduction
The spectra of photons in atomic fluorescence and the photoelectron spectra in laser-induced ionisation provide us with a powerful source of information about atomic dynamics under the influence of strong laser light. The resonance fluorescence of a two-level atom results in the famous three-peak spectrum (for example, Mollow 1969) ; similarly the two-peak spectrum has been found in double optical resonance (Whitley and Stroud 1976) and in spontaneous Raman scattering (Knight 1980 and references therein) . Such spectral shapes result from the AC Stark splitting (Autler and Townes 1955) induced by strong c w excitation. AC Stark splitting may also manifest itself in photoelectron spectra either when the ionisation process 'probes' strongly driven bound-bound transitions (Knight 1977 (Knight , 1978 or in strong-field autoionisation where quantum interference may lead to dramatic changes in the spectral shapes (Rzgzewski and Eberly 1981) . It is also possible to induce Fano-type (Fano 1961) profiles in the structureless continuum by strong laser coupling to the bound state (Heller and Popov 1976, Coleman et al 1982) . We may say that spectra induced by strong c w excitation are currently well understood.
The problem of pulsed-laser excitation has been addressed only recently due to its complexity (it is, however, worth mentioning that Breit (1933) discussed the problem of weak-pulse excitation). The difficulties associated with time-dependent excitation may be visualised if we recollect that, for the technically simpler problem of the.time evolution of the undamped two-level atom driven by a classical field oscillating with mean frequency w L and with envelope E ( t ) = E#( t ) , analytic solutions for arbitrary laser detuning are known for only a few smooth (i.e. with continuous derivative) envelopes E ( t ) (Rosen and Zener 1932 , Bambini and Berman 1981 , Hioe 1984 , Hioe and Carroll 1985 , Zakrzewski 1985a . Although in this paper we shall concentrate on the smooth pulses only, it is worth mentioning that analytic solutions to this problem 0022-3700/86/ 152247 +20$02.50 @ 1986 The Institute of Physicshave also been found for exponential pulses (Kaplan 1975) ; the exponentially decaying pulse has also been discussed by Radmore (1982) . Exponential pulses allow analytic solutions to even damped two-level problems to be obtained (Zakrzewski et a1 1985;  see also Kaplan 1975 for some special cases).
In the earlier and more frequently studied case of resonance fluorescence spectra one of two approximations has usually been applied to overcome the difficulties mentioned above; these are (i) the square-pulse approximation (for example, Eberly et a1 1980, Huang et a1 1982 , Nienhuis 1983 ) and (ii) the adiabatic approximation for off -resonance excitation (Courtens and Szoke 1977 , Knight 1980 , Kleiber et a1 1983 , Nienhuis 1983 ), usually applied in connection with collisional effects.
It was realised only very recently that one can go far beyond the above mentioned approximations. The first step was made by Rzgzewski (1983) who has shown that the photoelectron spectrum in autoionisation induced by a hyperbolic-secant pulse may be found analytically for the symmetric Fano (1961) profile. The generalisation for the case of an asymmetric Fano profile with exponential-pulse excitation has also been presented (Rzazewski et al 1985) . It turned out that the photoelectron spectra in autoionisation induced by pulse irradiation exhibit a new interesting feature-they are multipeaked with the number of peaks related to the area of the pulse. A similar multipeak structure has been found in the double-optical-resonance spectra by means of asymptotic expansion in the pulse area parameter (Greenland 1985) and numerically (Greenland et a1 1986) .
As far as resonance fluorescence is concerned a different approximation (from (i) and (ii) mentioned above) has been proposed by Rzgzewski and FlorjaAczyk (1984) : they neglect the influence of spontaneous emission on the atomic evolution during pulse illumination. This approximation works if the spontaneous lifetime is much longer than the pulse duration. Robinson and Berman (1984) have pointed out that this approximation may lead to an erroneous spectral distribution even for short pulses whenever the pulse does not leave the atom in its lower state. In such a situation an additional contribution to the spectrum appears due to spontaneous emission after the pulse has passed. This contribution does not arise when one is considering the slightly different problem of the time-dependent power spectrum (FlorjaAczyk et a1 1985) .
The exact theory of resonance fluorescence spectra has been given by Lewenstein et al (1986, to be referred to hereafter as LZR) for the case of hyperbolic-secant-pulse excitation. The numerical studies presented there proved that, as long as the pulse duration is much shorter than the atomic lifetime and the pulse area is appropriately chosen (to minimise the influence of post-interaction decay, i.e. spontaneous decay in the wake of the pulse), then the photon energy spectra are well approximated by the earlier analytic formulae of Rzgzewski and FlorjaAczyk (1984) . It was also shown that for longer pulses the multipeak structure in the resonance fluorescence spectra disappears.
In LZR the closely related problem of fluorescence towards an additional level, uncoupled by the laser pulse (i.e. near-resonant spontaneous Raman scattering) was also discussed. It was shown that (i) spontaneous Raman scattering may be taken into account analytically for a hyperbolic-secant pulse, provided that we neglect spontaneous emission on the strongly driven transition, (ii) the results obtained provide a first step in determining the resonance fluorescence spectrum, and (iii) the spontaneous Raman-scattering spectrum is closely related to the photoelectron spectrum in laserinduced autoionisation (see also Agarwal et a1 1982).
The aim of this paper is to discuss the influence of pulse shape and/or chirp on the multipeak structures in both photoelectron (in laser-induced autoionisation) and photon (in spontaneous Raman scattering) spectra. To this end we work within the framework of the theory developed in LZR for a hyperbolic-secant pulse; this is recalled and slightly generalised in 9 2. In 9 3 we solve the model for a large class of pulses with different shape and/or chirp, presenting closed, analytic expressions for the spectra. The properties of the spectra are discussed in 9 4. Finally in 9 5 we summarise our results and discuss possible experimental verification of the existence of multipeaked spectra.
The electron and photon energy spectra-general theory
The model atom we discuss has an initial state IO), an excited state AS) and a third state 11). The interaction coupling the [AS) state to the continuum of scattering states l w ) is either interatomic (e.g. Coulomb, and then AS) is an autoionising state) or externally introduced (e.g. Stark mixing in a static electric field, or cw-laser-induced coupling). The I AS ) state may also decay spontaneously to the third state 11) (figure 1). We assume that our model atom is illuminated by a strong laser pulse acting on the 10) + I A S ) transition; however, the continuum of states Iw) cannot be reached directly (because of, for example, selection rules) from the initial state. Following Fano (1961) we can diagonalise the I AS ) and I w ) states; this leads to a new continuum of states Iw) and the dipole matrix element of the IO)+ I w ) transition may be parametrised as
where yo is the decay rate of the I A S ) state into the / w ) continuum (we assume the original I w ) continuum to be 'flat in energy', as in the simple model of Rzazewski and Eberly (1981) ). The form (1) corresponds to the Fano (1961) formula for the asymmetry parameter q = CO. Note that (1) implies that the arbitrary zero on the energy scale has been chosen to coincide with the energy of the /AS) state.
The total Hamiltonian of the system discussed takes the form (in h = c = 1 units)
where Ho is a 'bare-energies' part of H Ho = -oolO)(O1 -will)( 11 + dw w l w ) ( w l + kalgak,.
kcr Figure 1 . Levels of the model atom. Double arrow, strong laser pulse coupling; wavy arrow, spontaneous decay; curved arrow, coupling to the continuum lo). The atomic levels after Fano diagonalisation are shown on the right.
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Hv is responsible for the spontaneous decay of the Iw) continuum and HL describes the strong laser coupling on the IO)+ Iw) transition The level 11) plays the role of a sink in our model; when the atom emits a photon spontaneously it will end up in state 11) and stay there forever. Thus, at most one photon may be produced. This allows us to express the Schrodinger wavevector in the form
and the Schrodinger equation reduces to a set of integro-diff erential equations (the dot denotes differentiation with respect to time):
where A = wL -wo is the laser detuning. We are looking for the long-time energy spectra of the photoelectron and photon
The way of solving the set (4) has been described in LZR. We eliminate the non-resonant electromagnetic-field modes by invoking the standard Markov approximation (Allen and Eberly 1975), defining in a natural way the spontaneous decay rate as and neglect the corresponding Lamb shift (which can be incorporated into the bareenergies part ( 2 a ) of the Hamiltonian). The resulting equations for a ( f ) , P ( w , t ) may be combined (Rzazewski 1983, LZR) into a single second-order differential equation for the initial-state amplitude a( t):
( 7 )
Assume that we already know the solution to ( 7 ) for the considered pulse shape F ( t ) . It is then straightforward, though tedious, to show (LZR) that the spectra (5) may be expressed as and where yT is spontaneous
4. . YT the total decay rate of the I AS) state due to both autoionisation and relaxation: yT = yo+ y s . L ( x ) denotes the Lorentz function:
while I ( x ) is the Fourier transform of the product of the pulse envelope F ( t ) and the initial-state amplitude a( t):
Note that both spectra have exactly the same shape This, at first sight a surprising result, is due to the assumed Lorentzian shape of the dipole matrix element d ( w ) (no direct coupling of the initial state to the continuum in which the I A S ) state is embedded) and to the Markov approximation in treating the non-resonant electromagnetic modes (which leads to a Lorentzian spontaneousemission lineshape in weak fields).
Finally, we point out the limiting cases. If we take ys = 0 (i.e. D 1 = 0) our model reduces to the one describing autoionisation without recombination (Rzgzewski 1983 , Rzgzewski et al 1985 . On the other hand, if we let yo+ 0 for fixed ys our model reduces to the three-level atom, in which the 10) + /AS) bound-bound transition strongly driven by a laser pulse is monitored by spontaneous emission to the third, non-resonant level 1 l), i.e. to the spontaneous Raman-scattering problem.
The electron and photon spectra: analytic results for a class of smooth pulses
The problem of determining the electron (5a) and photon (56) spectra has been reduced in the previous section to solving the differential equation ( 7 ) for the amplitude a ( t ) and to performing the appropriate Fourier transform (equations (8) and (9)). Equation (7) corresponds exactly to the equation arising in the problem of a two-level atom (mentioned in § 1) if we introduce a complex detuning A,=A+iyYT. Thus the solutions to ( 7 ) are immediately known for a large class of smooth pulses. For the best known of them, the hyperbolic-secant pulse, the solution has already been given by Rosen and Zener (1932) in terms of hypergeometric functions (for example, Luke 1969) . The most general class of pulse envelopes F ( t ) allowing solutions to ( 7 ) in terms of hypergeometric functions has been found by Hioe and Carroll (1985; see also Zakrzewski 1985a) . Let us introduce the new variable z = z( t ) , which is a one-to-one mapping of the entire time axis on to the [0, 11 interval:
+A where the free parameter A belongs to the (-1, +CO) interval. The solutions to ( 7 ) may be expressed in terms of hypergeometric functions if and only if the envelope F ( t ) = f ( t ) exp(ig( t ) ) is given by:
The parameter A in equations (lo)-( 12) determines the shape of both amplitude f ( t ) and frequency g( t ) modulations.
In figure 2( a ) we present the amplitude modulation shape f ( t ) for different values of the parameter A (for pulses with the same duration and area-see the remarks below). For A < 0 the pulse grows slowly and decays rather rapidly, A = 0 corresponds to the famous pulse f ( t ) = sech yt while for A > 0 the pulse grows rapidly and then decays slowly. The shape of the frequency modulation g ( t ) is presented in figure 2( 6). The parameter $ in (12) gives the amplitude of the chirp. As t goes from -CO to +CO (z changes from 0 to 1) the 'instantaneous' pulse frequency w L + g ( t ) changes from -4 to +$, where the carrier frequency wL is chosen to coincide with the 'instantaneous' frequency at the maximum of the pulse amplitude (the maximum o f f ( t ) ) . For A = 0, (12) reduces to g ( t ) = $ tanh yt and, for 4 = 0, we obtain chirpless pulses already introduced by Bambini and Berman (1981) .
Frequently, one defines the duration of the pulse as a FWHM of the amplitude modulation. For f ( t ) (equation (11)) it is given by Bambini and Berman (1981) and strongly depends on A. To compare pulses of equal duration the following procedure was applied. For A =0, f(t) =sech yt, as mentioned above. It is quite natural to define the duration of the pulse T for A = 0 as T = 1/ y. Then
In order to have pulses of equal duration for A # 0 we make y dependent on A in such a way that A t F W H M ( A ) = A t F W H M ( 0 ) ; then the duration of the pulse is still defined by (14), being A independent, and
Let us define the pulse area S in the usual way (Allen and Eberly 1975):
Strictly speaking the pulse area S (16) has physical meaning only for chirpless pulses ($I = 0), although a generalisation for chirped pulses has also been introduced (Hioe 1984) . It turns out that S defined by (i6) is very convenient to parametrise the calculated spectra even for chirped pulses. We shall therefore use the term pulse area S for such pulses in the sense of definition (16).
It is the pulse area which determines the atomic evolution. Thus we should compare pulses with equal S. Therefore in figure 2(a) h o f ( t ) curves, rathern those for f ( t ) (equation ( l l ) ) , are presented. This implies that Oo have had to be adjusted in a similar way to that described above for y ( A ) .
With the ansatz (equations (10)- (12)), equation ( 7 ) reduces to the hypergeometric equation of Gauss, so the solutions may be written down immediately. The appropriate initial conditions in our problem are
since our atom is assumed to be in the 10) state in the remote past. The solution to (7) then reads (Zakrzewski 1985a) where z is defined by (10) and the parameters a, b, c are given by where A, = A + i yT, as before.
What remains to be done is to find the Fourier transform (9b). The integral may be calculated, for example, by step-by-step integration of the series representing the 2F1(. . .) function. After some tedious algebra we find the analytic formula for the spectrum of photoelectrons: The formula (18) together with (8c) constitutes the main result of the paper. For A = $ = 0 (18) reduces to the result given by LZR. With the help of (18) we are able in the next section to discuss in detail the influence of the pulse shape and chirp on the calculated spectra. Finally, let us write down the formulae for the total number of emitted electrons, 
I YT They easily follow from the conservation of probability condition, Ne+ N,+ la(m)I2 = 1, and the fact that both spectra have exactly the same shapes (8c) (see LZR).
Results and discussion
The formula (18) representing the energy spectrum, although analytic, is somewhat complicated. In a few special cases it reduces significantly, e.g. when one of the parameters a, b (17) becomes a negative integer the series 3F2(. . .) terminates and the spectrum is given in terms of elementary functions. Even if this is not the case the series converges surprisingly well; the spectra shown have been calculated on a rather slow microcomputer. The convergence has been tested by numerical integration of the computed spectrum. The result has been compared with the total number of ejected electrons (photons) given by (19).
As has already been mentioned, due to the substitution rule ( 8 c ) both electron and photon spectra have exactly the same shape. Thus in all of the figures only electron spectra are presented; photon spectra can be obtained by changing the axis labels. As the shape of the spectra depend only on yT, but their magnitude is determined by the ratio yo/ys(yT= yo+ ys), we should specify the value of yo to establish the vertical scale units. However, we draw the figures in arbitrary units on the vertical axis, so that we do not need to specify yo for each figure.
The typical unit of time in a problem is the pulse duration T (14). Thus all parameters for which the figures are drawn are in units of T (or of the frequency unit The class of pulses for which (18) is valid is rather large. We therefore divide the discussion into a few parts presenting first the results for a hyperbolic-secant pulse, then for other chirpless pulses and finally for chirped pulses.
T -' ) .

Hyperbolic-secant-pulse excitation
The case of the hyperbolic-secant pulse (LZR, Rzgzewski 1983 ) will help us to present the basic properties of the spectra induced by smooth pulses, to introduce relevant parameters and to serve as a reference in a discussion of the influence of pulse shape and chirp on the spectra. The interpretation of the spectra based on the results for hyperbolic-secant-pulse excitation will then be tested in more complicated cases.
For a hyperbolic-secant chirpless pulse A = i , b = 0, and the parameters a, b, c (17) reduce significantly in this case:
Note that in this case a, b become strongly related to the pulse area S (16). In figure 3 spectra are presented for different values of the pulse area S in the resonant A = 0 case. With increasing pulse area the spectra become richer revealing the multipeak structure, which is the basic feature of the spectra induced by timedependent excitation. Contrary to square-pulse excitations (where the multipeak structure may also appear but only as the manifestation of the multipeak spectrum of the exciting pulse itself) for smooth pulses the multipeak structure must result from coherent interaction of the atom with time-dependent excitations (the spectrum of the pulse itself is single peaked). The number of peaks increases with the pulse area S ; there is, however, no simple relationship between them (note that the number of peaks for (2n -l )~ pulses and 27rn pulses is the same and equal to n ) .
In figure 4 the spectra induced by 8n-resonant pulses are presented for different values of decay rate yT. For yT large compared with T-' (the spectral width of the pulse) the multipeak structure disappears. Spectra for small yT are presented in figure 5 . Note that the spectrum for a 97r pulse in fact consists of the multipeak structure (similar to that produced by other pulses). However, there is in addition a strong dominant peak centred around w = 0 (i.e. around the IAs)-state position on the energy scale). On the basis of the spectra shown, the following picture of the origin of the multipeak structure appears. Our model atom (figure 1) may be viewed as a two-level atom (with the upper state decaying via electron and photon channels) strongly driven by the laser pulse. Therefore the population of our atom undergoes Rabi oscillations with the Rabi frequency changing in time, i.e. n(t) =O,f(t) . At the same time the decay tends to (i) damp these oscillations and (ii) transfer the atomic populations to states uncoupled by the laser light (to state 11) or the continuum l w ) in which the AS) state is embedded). As mentioned in 4 1, Rabi oscillations result in AC Stark splitting of the corresponding photoelectron (Knight 1978) or photon (in spontaneous Raman scattering (Knight 1980 and references therein)) spectra. For c w laser excitation the dressed-atom picture (Cohen-Tannoudji 1977 and references therein) provides us with an elegant way of understanding this phenomenon and the double-peak spectrum results from the decay of two dressed states separated by the Rabi frequency.
For smooth-pulse excitation the Rabi frequency changes in time; thus, at first sight, one might expect that contributions to the energy spectrum from different Rabi frequencies will add up to produce a wide, single-peaked spectrum. Note, however, that since the decay is more efficient when the majority of the atomic population is in the upper (AS) state, these intervals of time contribute dominantly to building up the spectrum. Therefore some Rabi frequencies that correspond to these moments of time are somewhat 'preferred', leading to the appearance of the multipeak structure.
The simple 'preference interpretation' explains why the number of peaks in the spectra grows with increasing pulse area. The larger the area, the more times the atom reaches its upper state. On the other hand the 'preference interpretation' fails to predict the number of peaks (except in perhaps a few special cases) or their position. This is not surprising as this simple picture is local in time and assumes that the contributions from different times add up incoherently to build up the spectrum. On the contrary (9b) shows that contributions to the energy spectra add coherently. Moreover an interpretation of the spectra which is local in time may be erroneous when the properties of the spectrometer (e.g. Fabry-Perot interferometer in the case of a photon spectrum) are not taken into account (Eberly and Wodkiewicz 1977) . For a detailed discussion of time-dependent spectra in the case of resonance fluorescence see Florjahczyk et a1 (1985) ; similar numerical studies for spontaneous Raman scattering have also been performed (Zakrzewski 1985b) showing that for a short (but not too short) filling time of the Fabry-Perot interferometer the AC Stark splitting in the spectra can be obtained.
With a proper understanding of its limitations the 'preference interpretation' may in our opinion serve as an imaginative and qualitative way of understanding the multipeak structure in the spectra induced by smooth pulses.
One can easily explain the disappearance of the multipeak structure for yT>> T-' (figure 4) even without the 'preference interpretation'. For y T T > 1 the decay is fast and efficient. At the early stages of atomic evolution, when the pulse is still too weak to produce any splitting, the majority of the atomic population is transferred by the decay process to the final states Il), Iw). When the pulse grows stronger there is almost no population left in the ~O)-~AS) two-level system to undergo Rabi oscillations. On the other hand for y,T << 1 the decay is weak and 'probes' the strongly driven transition. The existence of a dominant central peak for the 9~ pulse (figure 5) is easily explained. The 9 n pulse leaves the atom in the upper state. The central peak results from post-interaction decay after the pulse has already passed the atom. It is an example of a situation discussed by Robinson and Berman (1984) in the case of resonance fluorescence. Contrary to the treatment of resonance fluorescence by Rzazewski and Florjahczyk (1984) , post-interaction decay appears in our exact model quite naturally (compare LZR for a discussion of this part in the case of resonance fluorescence). For 8~ and 1 0~ pulses (figure 5 ) the post-interaction decay contribution is absent because the pulse leaves the atom in its ground state.
The injluence of the pulse shape on multipeak spectra
Having established the main features of multipeak spectra we are now in a position to discuss the influence of the pulse shape on the spectra. As mentioned before we compare spectra induced by pulses with equal pulse duration T (14). For the time being we shall still deal with chirpless pulses but will vary their shape. In figure 6 the spectra induced by 8.rr resonant pulses are presented. Note that the relative strengths of the corresponding peaks depend strongly on the pulse shape. In figure 7 spectra are drawn for different decay rates yr. For a slowly growing pulse (A = -7, figure 7 ( a ) ) with yTT = 1 the decay does not produce a multipeak structure. This is due to the rather long time interval when the pulse builds up but is still too weak to produce the splitting. In contrast, spectra induced by a rapidly growing pulse ( figure 7 ( b ) ) with the same decay rate y,T = 1 have an 'inverted' structure-the sidebands are larger than the central pair. This is due to the fact that at the early stages of evolution, when all of the atomic population is still in the two-level system, the laser field is already large (splitting). The effects presented in figure 7 show the non-stationary character of spectra induced by laser pulses. For large yT the shape of the spectrum is determined mainly by its early time evolution. For small yT, both A = -7 and A = 5 pulses produce quite similar spectra; weak decay probes the strongly driven transition which for resonant pulses should depend on the pulse area rather than on the pulse shape.
In figure 8 the simultaneous effect of detuning and pulse shape is presented. Figure  8( a ) shows the usual asymmetric spectrum (another manifestation of the non-stationary character of the spectra) for a 471-hyperbolic-secant symmetric pulse, while figure 8( c) shows the spectrum for a 471-resonant A = 5 pulse. When such an asymmetric pulse is detuned from resonance ( figure 8( e) ) the asymmetry appears in the spectrum. Note, however, that it is inverted compared with the hyperbolic-secant detuned pulse ( figure 8 ( a ) ) . Figure 8 ( f ) shows the same spectrum a factor of two smaller to enable comparison with the spectra obtained for smaller decay rates (figures 8(b), (d)). It is well known that regardless of the detuning the hyperbolic-secant 271-n pulse leaves the atom in the ground state. The asymmetry ( figure 8( a ) ) results from coherent atom-pulse interaction. However, it was shown by Bambini and Berman (1981) that asymmetric 271-n pulses do not leave the atom in its initial state. This explains the enlargement and shift towards w = 0 of one of the peaks in the spectra (figures 8 ( c ) -( e ) ) as an effect resulting from post-interaction decay. The yT dependence of the spectra for off-resonance excitation is shown in figure 9 . For small yT the post-interaction-decayinduced asymmetry prevails, but for larger yT, when all of the spectrum originates during pulse illumination, the asymmetry is reversed (being similar to that observed for the hyperbolic-secant pulse).
Chirped hyperbolic-secant pulse
Let us now choose the symmetric pulse (A = 0 ) with frequency modulation (chirp).
For h = 0, (12) reduces to g( t ) = IC, tanh yt. The Fourier transform of such a pulse is presented in figure 10 . With growing chirp amplitude I , ! I the pulse spectrum flattens and becomes wider. In figure 11 various properties of spectra induced by chirped pulses are presented. In figures l l ( a ) -( d ) the effect of increasing chirp amplitude on the spectra is shown. The additional peak entered at w = 0 appears; as in the cases previously discussed, this may be attributed to post-interaction decay (the decay rate yT chosen is small). Note that this peak may be greatly diminished by appropriate adjustment of the detuning (figure ll(e))-in that case A = 4, i.e. when the pulse is 'resonant' at the beginning of the evolution, at t = -a the 'instantaneous' pulse frequency o L + g ( t ) equals w o . For larger yT the additional peak disappears (since the decay takes place mainly during pulse illumination) (figures ll(g)-(h) ) and the spectra remain asymmetric regardless of the detuning.
Note the difference from the case of the asymmetric pulse previously discussed, where one of the peaks moved towards o = 0 and was enlarged by the post-interaction decay. In the present case the additional peak appears (for small yT) of purely post-interaction origin.
The stronger effect caused by post-interaction decay in the case of a chirped pulse may be explained by taking into account the tendency of the chirped pulse to invert the atomic population (Allen and Eberly 1975). In figure 12 the post-interaction contribution is presented for off-resonance excitation. Note that the spectrum obtained with a greatly detuned unchirped pulse has only one peak, while for a strongly chirped pulse, apart from the usual post-interaction peak, the spectrum shows some indication of doublet structure. This is because, despite the detuning, the chirping brings in frequencies which are near resonance.
Chirped asymmetric pulses
Finally, let us briefly point out the effects induced by asymmetric chirped pulses. Previous experience suggests that the multipeak spectra will in general be asymmetric. In addition, for small yT, the additional peak due to post-interaction decay will appear. We pointed out, however, when discussing the two-state evolution problem (Zakrzewski 1985a) , that for a given chirped asymmetric pulse there exists a detuning such that the tendency of the chirped pulse to invert the atomic population is compensated by the detuning and asymmetric pulse shape. Then the additional post-interaction decay peak disappears in the spectra (figure 13). Such behaviour happens when hA+(2+h)/?=O and then the entire atomic evolution is governed only by the unchirped pulse area (16). However, even in this case the spectra still remain asymmetric (figure 13). 
Summary
The results presented in the previous section indicate that the features of the induced spectra strongly depend on the relation between the pulse duration T and the total decay rate y T . Three regimes may be distinguished.
( I ) Fast-decay regime yTT>>l. In this case the spectra are single peaked. Their shape is determined by the early stages of atomic evolution, when the pulse is too weak to produce any splitting. Fast decay transfers almost all of the atomic population to the final states (10) or 11)) at this early stage.
(2) Slow-decay regime yTT<< 1 . The atomic evolution is determined by the interaction with a strong pulse, and the decay probes only the strongly driven transition. For resonant pulses the coherent part of the spectrum is determined by the pulse area alone. An additional contribution to the spectrum arises, centred at w = 0, due to the post-interaction decay. The magnitude of this contribution depends on the atomic state in which the atom has been left by the pulse (which in turn depends on all of the pulse parameters, i.e. the shape A, chirp $ and detuning). In a few special cases this contribution may be diminished, but usually it is dominant for yTT<< 1 since the number of photons emitted during pulse illumination is rather small. In this case the dominant feature of the spectrum is its multipeak structure. Almost all of the decay takes place during pulse illumination; thus, the post-interaction decay contribution is not significant. The shape of the spectrum, the positions of peaks and their heights depend strongly on the pulse properties (shape, chirp, detuning).
The boundaries between these regimes cannot be established firmly; they depend on the character of the pulse. A good example is given in figure 7 . For y,T = 1 a slowly growing pulse belongs to the first regime, while for a rapidly growing pulse the multipeak structure in the spectrum is well pronounced, which is characteristic of the third regime. The appearance of the multipeak spectrum is truly a resonant phenomenon. For off-resonance excitation the multipeak structure disappears and the coherent part of the spectrum is then single peaked (compare with the curve for a chirpless ($ = 0) pulse shown in figure 12 ). Therefore it is not possible to observe the multipeak photon spectra in the typical Raman-scattering experiment which is usually performed well off -regonance.
The existence of multipeak spectra has not yet been verified experimentally. It seems that it will be rather difficult to see the multipeak structure in photoelectron spectra at present because of insufficient electron resolution. Our results equally well describe (through equation (8c)) the photon spectra, where spectral resolution is much better. It may not be easy to verify the existence of multipeak spectra in the resonance fluorescence experiment. The exact results of LZR show that to observe a multipeak structure in the resonance fluorescence spectra, pulses much shorter than the atomic lifetime must used. In such a case the contribution of post-interaction decay must be avoided (as it may become dominant) by careful choice of the pulse area or by appropriate detection, e.g. by placing a laser-controlled shutter before the Fabry-Perot interferometer, which cuts off the light emitted after the pulse has left the atom.
The results presented in this paper indicate that in near-resonant spontaneous Raman scattering the multipeak structure of the spectra is well pronounced even if the pulse duration is slightly less than the atomic lifetime (the intermediate regime above), i.e. under circumstances in which no significant contribution from postinteraction decay is to be expected. This stems from the fact that in resonance fluorescence the recycling plays an important role (see LZR) while in spontaneous Raman scattering no recycling is present (the state 11) has the 'sink' property). Strictly speaking this is a characteristic only of our model, since we neglect spontaneous emission on strongly driven transitions. We believe, however, that even in a more realistic model with spontaneous emission properly included, as long as the partial decay rate on the strongly driven transition yr fulfils y,T << 1, then no significant changes in the spectra are to be expected. Also by appropriate preparation of the atomic initial state one can assume that a partial decay rate ys to the 'sink' level 11) will be larger than yr, e.g. if the atom is prepared as in some higher-lying metastable state and spontaneous decay from the excited IAS) state to a low-lying ground state (11) in our model) is allowed.
Experiments to study the multipeak spectra require the laser pulses to be well reproducible, both in shape and amplitude. This requirement ruled out, in my opinion, the possibility of observing the multipeak structure in the majority of relevant experiments performed with pulsed lasers up till now (usually multimode lasers were used), Also, as was discussed above, the laser pulse duration should be shorter than the atomic lifetime; note, however, that for laser pulses that are too short the difficulties associated with observation of the multipeak structure may be quite big (compare the discussion of the resonance fluorescence case above). Finally, Doppler broadening should be avoided, e.g. by the atomic-beam technique. It seems, however, that given the present advanced stage of laser spectroscopy development the above mentioned problems are not severe and experiments confirming the existence of the multipeak spectra induced by strong laser pulses are not too difficult to perform.
